AUTOSOMAL RECESSIVE POLYCYSTIC KIDNEY DISEASE (ARPKD) affects 1:20,000 live births and represents one of the most common inherited causes of kidney failure in infants and children (41) . ARPKD is characterized by the formation of cysts in renal collecting ducts and abnormal development of intrahepatic bile ducts. Neonates with the severe form of ARPKD present with bilateral nephromegaly, intrauterine kidney failure, and Potter sequence (1, 11) . Older affected individuals may present with portal hypertension due to biliary dysgenesis and hepatic fibrosis. ARPKD is caused by mutations in the polycystic kidney and hepatic disease 1 (PKHD1) gene located on chromosome 6p12.2 (29, 36, 40) . PKHD1 is a large gene consisting of 67 coding exons extending over ϳ500 kb of genomic DNA. The orthologous mouse gene, Pkhd1, consists of 68 exons and encodes a protein comprising 4,059 amino acids (26) . PKHD1 has been reported to undergo extensive alternative splicing, although a recent study (2) has suggested that much of the observed transcript diversity may be due to alternative polyadenylation sites. Pkhd1 knockout mice develop phenotypes that are similar to those seen in humans with ARPKD, including dilated and cystic renal tubules, biliary dysgenesis, liver cysts, periportal fibrosis, and pancreatic cysts (8, 9, 25, 38, 39) .
The protein product of PKHD1, called fibrocystin or polyductin, is a large membrane protein (Ͼ450 kDa) that is located in the apical plasma membrane, primary cilium, basal body, and mitotic spindle (24, 34, 37, 42) . The function of fibrocystin is uncertain, but it shares structural similarity with the hepatocyte growth factor receptor and contains a G8 domain that is frequently found in ligand-binding membrane proteins. Fibrocystin undergoes regulated proteolysis, releasing a large ectodomain that is shed into urinary exosomes and a COOHterminal domain that translocates to the nucleus (14, 16, 19) . The mechanism of cyst formation in ARPKD may involve alterations in oriented cell division, apoptosis, cell proliferation, actin cytoskeleton, cell-matrix interactions, and intra-and intercellular signaling (2, 23, 27, 35) .
Expression of PKHD1 is tissue specific and developmentally regulated. The 16-kb human PKHD1 mRNA transcript is primarily expressed in the kidney, liver, lung, and pancreas (29, 36, 40) . In adult and fetal human tissues, fibrocystin has been localized in renal collecting ducts, thick ascending limbs of loops of Henle, bile ducts, pancreatic ducts, epididymis, and testis (24, 37) . The longest mouse Pkhd1 transcript is 13 kb and most abundantly expressed in the kidney (26) . In mouse embryos, Pkhd1 is expressed in the mesonephric tubules, mesonephric (Wolffian) ducts, and metanephros (24, 26, 42) . Within the metanephros, Pkhd1 is expressed in the branching ureteric bud but not in comma-and S-shaped bodies or metanephric mesenchyme. Postnatally, Pkhd1 is highly expressed in collecting ducts with lower levels in loops of Henle and proximal tubules and no expression in glomeruli. In the liver, Pkhd1 is expressed in developing bile ducts, and expression persists in intrahepatic and extrahepatic bile ducts in the adult. In situ hybridization using probes from specific exons has identified expression in the large blood vessels, testis, ganglia, pancreas, adrenal gland, and trachea, suggesting that alternative splicing may produce transcripts with distinct expression patterns (26) . Analysis of Pkhd1 lacZ/ϩ knockin mice has shown expression in renal collecting ducts, proximal tubules, Bowman's capsules, intrahepatic bile ducts, and pancreatic ducts (38) .
The molecular mechanisms that control Pkhd1 gene expression remain poorly understood. Previous studies have shown that genomic fragments containing the proximal promoter and 5= noncoding sequence of Pkhd1 are transcriptionally active in transfected renal epithelial cells (13) . The proximal promoter contains a binding site for hepatocyte nuclear factor (HNF)-1␤, a transcription factor that is expressed in epithelial cells in the kidney, liver, and other organs (17) . HNF-1␤ binds to the Pkhd1 promoter in vitro and activates transcription by recruiting coactivators that have histone acetylase activity (15) . The resulting chromatin remodeling may stimulate Pkhd1 gene transcription. Consistent with this model, expression of dominant negative mutant HNF-1␤ (DN-HNF-1␤) or kidney-specific knockout of HNF-1␤ in transgenic mice reduces the levels of Pkhd1 mRNA transcripts in the kidney (10, 13, 15) . In the present study, we explored the mechanisms underlying these findings using reporter gene assays in transgenic mice.
MATERIALS AND METHODS
Luciferase reporter plasmids. A plasmid containing the noncoding region of mouse Pkhd1 extending from exon 2 to 6.7 kb upstream to the transcription initiation site has been previously described (13) . The plasmid was digested with BlpI and SmaI, and the 4.7-kb fragment was cloned into pGL3-Basic (Promega). The resulting plasmid (4.7WT/luc) contains 2,030 bp of the promoter region, exon 1 (noncoding, 156 bp), intron 1 (2,537 bp), and 30 bp of exon 2 inserted upstream to a Photinus luciferase reporter gene (Fig. 1A) . 4.7WT/luc plasmid DNA was amplified using long-range PCR with Herculase (Stratagene, La Jolla, CA) and primers (RVPrimer3, 5=-CTAG-CAAAATAGGCTGTCCC-3= and 5=-GCAACCCGGGCAGGTAGCT-CACTTCCTGTT-3=). The 2.0-kb product containing 2,030 bp of the promoter region and 51 bp of exon 1 was digested with SmaI and KpnI and cloned into pGL3-Basic to produce the plasmid 2.0WT/luc. Luciferase reporter plasmids (2.0m/luc and 4.7m/luc) containing a mutation of the HNF-1␤-binding site located at nucleotide position 1 Ϫ49 were produced by site-directed mutagenesis using QuickChange kits (Stratagene). The sequences of the wild-type and mutant plasmids were verified by DNA sequencing.
A 2,682-bp genomic fragment containing 115 bp of exon 1, intron 1, and 30 bp of exon 2 was amplified from the 4.7WT/luc plasmid using Platinum Taq DNA Polymerase High Fidelity (Invitrogen) and the following primers: 5=-TAGAATACGCGTGAGCTACCTGCATCT-TAGCTAGC-3= and 5=-TAGAATCTCGAGGGGTTGATTGGCGC-CATGTAG-3=. The PCR product was digested with MluI and XhoI and cloned into the corresponding restriction sites in pGL3-Promoter (Promega). The resulting plasmid, Pkhd1(2.7 kb), contained the 2,682-bp region of Pkhd1 ligated upstream to the Simian virus 40 (SV40) basal promoter and Photinus luciferase reporter gene.
Cell culture and reporter gene assays. mIMCD3 cells (mouse inner medullary collecting duct cells) were grown in DMEM supplemented 1 Two transcription initiation sites in the Pkhd1 gene have been previously identified by primer extension analysis (13) : one site at ϩ1 and a second site at ϩ17 (nucleotides 1774 and 1790 in GenBank Accession No. AY544205). Nucleotide sequences are numbered with respect to the upstream site at ϩ1. (22) . To perform reporter gene assays, cells were plated in six-well plastic dishes at a density of 1.5 ϫ 10 5 cells/dish. After 24 h, when cells had reached 50% confluence, cells were transfected with equimolar amounts of plasmid DNA using Effectene (Qiagen). Fortyeight hours after transfection, cells were lysed and assayed for luciferase activity as previously described (13) . To control for differences in transfection efficiency, cells were cotransfected with 0.02 ng of phRL-CMV encoding Renilla luciferase (Promega), and relative luciferase activity was calculated as the ratio of Photinus and Renilla luciferase.
LacZ reporter plasmids. The lacZ reporter plasmids generated in this study were derived from pnLacF (32) , which encodes Esherichia coli ␤-galactosidase fused to a nuclear localization signal from SV40. The 2.0-kb Pkhd1 PCR fragment extending from nucleotides Ϫ2030 to ϩ51 was amplified as previously described, digested with SmaI and KpnI, and purified with a nucleotide removal kit (Qiagen). The plasmid pnLacF was digested with XbaI and blunt ended with Klenow fragment. The linearized plasmid was gel purified, digested with KpnI, and ligated to the 2.0-kb Pkhd1 fragment to generate the 2.0/lacZ reporter plasmid (Fig. 1B) . Plasmid 2.0m/lacZ was generated by introducing a mutation of the HNF-1␤-binding site at position Ϫ49 using site-directed mutagenesis as previously described (13) . Plasmid 4.7/lacZ was generated by digesting the 4.7WT/luc plasmid with Kpn1 and Nco1 and cloning the 4.7-kb Pkhd1 restriction fragment into the KpnI and NcoI sites in pnLacF (Fig. 1B) .
Generation of transgenic mice. Transgenic mice carrying the Pkhd1 promoter linked to a lacZ reporter gene were generated as follows: plasmids 2.0/lacZ and 2.0m/lacZ were digested with KpnI and BglII, and plasmid 4.7/lacZ was digested with KpnI and SphI. Transgene DNA was purified by agarose gel electrophoresis, anionexchange chromatography (EluTip-D, Schleicher & Schuell, Keene, NH), and ethanol precipitation. Transgenic mice were produced by the UT Southwestern Transgenic Core Facility, as previously described (32) . Transgene DNA was microinjected into the pronuclei of fertilized C57/BL6J oocytes, transferred to pseudopregnant foster mothers, and permitted to develop to term. Progeny were genotyped by PCR analysis of tail biopsies and confirmed by Southern blot analysis. The primers used for PCR were as follows: 5=-ATCCTCTGCATGGTCAG-GTC-3= and 5=-CGTGGCCTGATTCATTCC-3= for 4.7/lacZ mice, 5=-TCTAAGTGGCTCGCGTTAAT-3= and 5=-CAGCTGGCGAAAGG-GGGATG-3= for 2.0/lacZ mice, and 5=-TCTAAGTGGCTCGCGTC-GGC-3= and 5=-CAGCTGGCGAAAGGGGGATG-3= for 2.0m/lacZ mice. Expression of the transgenes was analyzed in founders and in F1 progeny derived from crosses with C57/BL6J and B6D2/F1J hybrid mice. Embryos were obtained from timed-pregnant mice in which the morning of detection of the copulatory plug was designated as embryonic day 0.5 (E0.5). Nontransgenic, age-matched littermates were used as controls. Pkhd1/Cre transgenic mice were generated by cloning the 4.7-kb Pkhd1 fragment into the plasmid pNukCre upstream to a Cre recombinase gene containing a nuclear localization signal (Fig. 1B) (33) . Transgene DNA was purified and microinjected into fertilized oocytes as described above. Transgenic founders were bred to create permanent lines, and expression of the Cre transgene was detected by crossing with R26R or RYFP reporter mice.
Pkhd1
lacZ/ϩ knockin mice containing a lacZ gene replacing exons 1-3 of Pkhd1 have been previously described (38) . All experiments involving animals were performed under the auspices of the UT Southwestern Institutional Animal Care and Research Advisory Committee. Unless otherwise indicated in the figures, experiments were performed in adult mice at 8 -12 wk of age.
X-Gal staining. Tissues were perfused with ice-cold PBS followed by PBS containing 2% paraformaldehyde. Kidneys were bisected, and tissues were immersed in 2% paraformaldehyde for 1 h. After fixation, samples were rinsed with PBS and incubated overnight at 4°C in PBS containing 30% sucrose. Cryoprotected samples were embedded in OCT medium, frozen in liquid nitrogen, sectioned at 5-10 m, and mounted on Vectabond-coated slides. Specimens were immersed in PBS containing 20 mM Tris·Cl (pH 7.4), 2.0 mM spermidine, 2 mM MgCl2, 0.02% Nonidet P-40, 0.01% sodium deoxycholate, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 1 mg/ml 5-bromo-4-chloro-3-indoyl-␤-D-galactosidase (X-Gal, Stratagene). Staining with X-Gal was performed at 37°C in the dark with continuous agitation. Stained specimens were rinsed with PBS, counterstained with eosin, and photographed under bright-field illumination using a Zeiss Axioplan 2 microscope. Whole mount X-Gal staining was performed as previously described (18) . Stained tissues were photographed using a Zeiss Stemi 2000-C microscope.
Antibody and lectin staining. Paraformaldehyde-fixed cryosections were stained with antibodies against ␤-galactosidase (Promega), green fluorescent protein (GFP; Aves), HNF-1␤ (Santa Cruz Biotechnology), or Na ϩ -K ϩ -2Cl Ϫ cotransporter 2 (NKCC2; Alpha Diagnostic). Secondary antibodies were conjugated to Alexa fluor 488 or 594 (Molecular Probes, Eugene, OR). Lectin staining was performed using FITC-coupled Lotus tetragonolobus agglutinin (LTA) and Dolichos biflorus agglutinin (DBA; Vector Laboratories, Burlingame, CA). Some sections were stained with biotinylated DBA or LTA followed by detection with rhodamine avidin D (Vector Labs).
Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) was performed using the ChIP-IT Kit (Active Motif) with modifications. Briefly, mIMCD3 cells or NMCs were cross-linked with 1% formaldehyde for 15 min at room temperature. Mouse kidney tissues were cut into small pieces and cross-linked in 1% formaldehyde with rocking at room temperature. Cross-linked tissues were homogenized into a single cell suspension and resuspended in ChIP buffer. DNA was sheared by sonication to produce an average fragment size of 500 -1,000 bp. Immunoprecipitation was performed with 5 g rabbit anti-HNF-1␤ (sc-22840-X, Santa Cruz Biotechnology) or 5 g rabbit IgG (sc-2027) as a negative control. Precipitated complexes were captured on protein G agarose beads. Purified genomic DNA was amplified using promoter-specific primers and quantified using semiquantitative PCR; 1% of the input DNA was also amplified to normalize for enrichment, and DNA products were resolved on a 1% agarose gel.
Statistical analysis. Statistical analysis was performed using Student's t-test for pairwise comparisons or ANOVA and Tukey's test for multiple comparisons. Contingency tables were analyzed using Fisher's exact test. P Ͻ 0.05 was considered significant.
RESULTS

The HNF-1␤-binding site is required for Pkhd1 promoter activity in transfected renal epithelial cells and cholangiocytes.
A previous study (13) has shown that a 4.5-kb genomic fragment containing 1.8 kb of the promoter region, exon 1, intron, 1, and exon 2 of mouse Pkhd1 can direct expression of a luciferase reporter gene in transfected mIMCD3 renal epithelial cells. To study the activity of the promoter itself, a DNA fragment containing 2,030 bp of the proximal 5= flanking sequence, the transcription initiation site, and 51 bp of the first exon of Pkhd1 was cloned into the plasmid pGL3-Basic (Fig.  1A) . When the resulting reporter plasmid (2.0WT/luc) was transfected into mIMCD3 cells, luciferase activity was stimulated 30-fold compared with empty pGL3-Basic ( Fig. 2A) . Transfection of mIMCD3 cells with a reporter plasmid (4.7WT/ luc) containing the 2.0-kb promoter and 2.7 kb of additional genomic sequence extending downstream to the second exon stimulated luciferase activity 22-fold compared with pGL3-Basic ( Fig. 2A) . In addition to renal epithelial cells, Pkhd1 is endogenously expressed in bile ducts. Therefore, we tested the transcriptional activity of Pkhd1 genomic fragments in NMCs. Figure 2B shows that transfection of NMCs with reporter plasmids containing the 2.0-kb promoter produced an 85-fold stimulation of luciferase activity and that the 4.7-kb genomic fragment produced a 30-fold stimulation compared with empty pGL3-Basic. These results indicate that both 2.0-and 4.7-kb promoter fragments are transcriptionally active in cultured renal collecting duct cells and cholangiocytes. In both cell types, the transcriptional activity of the 2.0-kb fragment was significantly greater than the 4.7-kb fragment (double asterisks in Fig. 2, A and B) . The additional 2.7-kb sequence that is present in the 4.7-kb fragment was cloned into pGL3-Promoter, a luciferase reporter plasmid containing a basal SV40 promoter. Transfection of the resulting plasmid, Pkhd1(2.7 kb), into mIMCD3 cells and NMCs inhibited luciferase activity compared with empty pGL3-Promoter (Fig. 2C) . These results suggest that the 2.7-kb region contains regulatory elements that inhibit promoter activity, which likely explains the lower activity of the 4.7-kb fragment compared with the 2.0-kb fragment. We (13) have previously identified an evolutionarily conserved consensus binding site for the transcription factor HNF-1␤ located 49 bp upstream from the transcription initiation site in the proximal Pkhd1 promoter. A mutation that alters four conserved nucleotides within the HNF-1␤-binding site located at position Ϫ49 bp was introduced into the 4.7-kb fragment and 2.0-kb promoter, and the effects on transcriptional activity were tested in mIMCD3 cells and NMCs. Figure  2 , A and B, shows that mutation of the Ϫ49 bp site in the 2.0-kb promoter reduced luciferase activity 10-fold in transfected mIMCD3 cells and abolished promoter activity in transfected NMCs. Mutation of the Ϫ49 bp site in the 4.7-kb fragment also inhibited promoter activity in transfected mIMCD3 cells and NMCs. These results indicate that the HNF-1␤-binding site at Ϫ49 bp is required for full transcriptional activity of the 2.0-and 4.7-kb fragments in both mIMCD3 cells and NMCs. To confirm these findings, we performed reporter gene assays in renal epithelial cells expressing DN-HNF-1␤, which lacks the COOH-terminal activation domain and functions as a dominant negative mutant (22) . Expression of DN-HNF-1␤ inhibited the activity of wild-type 2.0-and 4.7-kb fragments but did not affect fragments containing mutations of the HNF-1␤-binding site (Fig. 2D) . To verify that HNF-1␤ binds to the Ϫ49 bp site in vivo, ChIP assays were performed. Figure 2 , E and F, shows that HNF-1␤ binds to the Ϫ49 bp site in chromatin extracted from NMCs, mIMCD3 cells, and the kidney. Taken together, these results indicate that HNF-1␤ directly binds to the Ϫ49 bp site and activates the Pkhd1 promoter.
Mutation of the HNF-1␤-binding site inhibits Pkhd1 promoter activity in vivo. To determine whether the 2.0-kb Pkhd1 promoter is functional in vivo, we performed reporter gene assays in transgenic mice. We generated 2.0/lacZ transgenic mice containing 2,030 bp of the proximal 5= flanking region, transcription initiation site, and 51 bp of the first exon of Pkhd1 linked to a reporter gene encoding E. coli ␤-galactosidase fused to a nuclear localization signal (Fig. 1B) . The presence of the nuclear localization signal allows expression of the protein encoded by the transgene (nuclear) to be unequivocally distinguished from endogenous lysosomal ␤-galactosidase-like activity (cytoplasmic) (18) . Eight independent founder mice carrying the 2.0/lacZ transgene were analyzed for transgene expression. Figure 3, A, B, D , and E, shows X-Gal staining of kidney sections from two independent founders (founders 11 and 14). The blue reaction product was present in the nuclei of a subset of tubular epithelial cells in the renal cortex and medulla, indicating that the 2.0-kb fragment contains a functional promoter that is active in the kidney. To identify the sites of expression in the kidney, sections were costained with antibodies against ␤-galactosidase and markers of specific nephron segments. Antibody staining confirmed that E. coli ␤-galactosidase encoded by the transgene was located in the nuclei of renal tubules (Fig. 4A) . Costaining with nephronspecific markers revealed that the transgene was expressed in DBA-positive collecting ducts but was not expressed in LTApositive proximal tubules or NKCC2-positive thick ascending limbs of loops of Henle (Fig. 4, A-I) . Costaining with X-Gal and anti-NKCC2 antibody confirmed the lack of expression in thick ascending limbs. Taken together, these results indicate that the 2.0/lacZ transgene is expressed in cortical and medullary collecting ducts. No transgene expression was observed in glomeruli, blood vessels, or interstitial cells. Identical results were seen in five independent founders ( Table 1 ), indicating that the observed expression was not solely due to position effects. Although the 2.0-kb promoter was active in cultured cholangiocytes, X-Gal staining of the liver did not show any blue reaction product in intrahepatic bile ducts (Fig. 3, C and  F) . The expression of lacZ in renal collecting ducts and absence in bile ducts suggests that regulatory elements located outside the 2.0-kb promoter are required for expression in cholangiocytes in vivo.
To determine whether the HNF-1␤-binding site located at position Ϫ49 bp in the proximal Pkhd1 promoter is necessary for promoter activity in the kidney, we generated 2.0m/lacZ transgenic mice containing a mutation that disrupts HNF-1␤ binding (Fig. 1B) . Eight independent founders carrying the mutant 2.0m/lacZ transgene were analyzed. X-Gal staining of the kidneys showed no blue nuclei in the medulla or cortex (Fig. 3, G, H, J, and K) . Similar to the wild-type promoter, no activity of the mutant promoter was observed in the liver (Fig.  3, I and L) . Identical results were seen in multiple founders, indicating that the lack of expression of the mutant transgene was not due to position effects. A total of five of eight (62%) of the founders carrying the wild-type promoter showed expression in renal tubules, whereas zero of eight (0%) of the founders carrying the mutant promoter showed expression in the kidney. This difference was statistically significant (P ϭ 0.026 by Fisher's exact test). These results indicate that the HNF-1␤-binding site located at position Ϫ49 bp is required for Pkhd1 promoter activity in renal collecting ducts.
The 4.7-kb region containing the promoter and 5= noncoding sequence directs expression in collecting ducts, loops of Henle, and Bowman's capsule. The 2.0-kb Pkhd1 promoter was sufficient to direct reporter gene expression in renal collecting ducts; however, expression was not detected in proximal tubules and loops of Henle, which endogenously express Pkhd1. The regulatory elements that control gene transcription may be located in noncoding regions that are often evolutionarily conserved. The 5= end of Pkhd1 extending from the first exon to the second exon is noncoding and is evolutionarily conserved in mice, humans, and other mammalian species. Therefore, we investigated whether the addition of this region can activate transgene expression in the other nephron segments where Pkhd1 is expressed. We produced transgenic mice carrying a 4.7-kb transgene including the 2.0-kb promoter, exon 1, intron 1, and 30 bp of exon 2 upstream to a lacZ reporter gene (Fig. 1B) . Kidney sections were costained with antibodies against ␤-galactosidase and markers of specific nephron segments. Figure 4 , J-L, shows that the transgene was not expressed in LTA-positive proximal tubules. Expression of ␤-galactosidase was identified in NKCC2-positive thick as- (Fig. 4, M-O) and DBApositive collecting ducts (Fig. 4, P-R) . In addition, anti-␤-galactosidase staining was observed in nuclei in glomerular parietal epithelial cells of Bowman's capsule, where it colocalized with HNF-1␤ (Fig. 4, S-U) . These results indicate that a 4.7-kb transgene containing the Pkhd1 promoter and genomic sequence extending downstream to exon 2 is transcriptionally active in Bowman's capsules, loops of Henle, and collecting ducts, which are sites of endogenous Pkhd1 expression (26, 38, 42) . No expression was detected in proximal tubules, possibly due to the low level of Pkhd1 expression in this nephron segment. Four independent 4.7/lacZ founders showed identical expression patterns in the kidney (Table 1) .
Pkhd1 transgene expression in the developing kidney and extrarenal tissues. To verify the tissue-specificity of the 4.7/ lacZ transgene, we analyzed its expression in sagittal sections of whole embryos. Embryos were obtained from three independent 4.7/lacZ lines at E12.5 and E14.5, sectioned, and stained with X-Gal. Figure 5 , A-C, shows that blue reaction product was only detected in the developing kidney and genitourinary tract, verifying the tissue specificity of the promoter. Transgene expression was detected in the Wolffian (mesonephric) duct, which is the anlage of the male reproductive tract, and in the branching ureteric bud, which gives rise to the renal collecting system (Fig. 5, A and B) . In the E14.5 kidney (metanephros), the transgene was expressed exclusively in the branching ureteric bud (Fig. 5C) . No expression was detected in the metanephric mesenchyme or S-shaped and commashaped bodies.
X-Gal staining of kidneys from neonatal mice [postnatal day 4 (P4)] showed high expression in cortical and medullary collecting ducts (Fig. 5, D and E) . In addition, lower levels of expression were detected in the epithelium of the renal pelvis, which is derived from the ureteric bud, and in developing loops of Henle (Fig. 5E ). In the mature kidney (P21), X-Gal staining was present in nuclei of collecting ducts, thick ascending limbs of loops of Henle, and Bowman's capsules (Fig. 5, G-I) . In addition to the kidney, one 4.7/lacZ transgenic line showed expression in extrarenal tissues. Staining of the liver at P4 and P21 showed expression in intrahepatic bile ducts (Fig. 5, F, J , and K). Expression in the liver was restricted to cholangiocytes; there was no expression in hepatocytes, endothelial cells, or interstitial cells. Expression of the transgene was also detected in pancreatic ducts at P21 (Fig. 5, L-M) .
To confirm the expression of the 4.7-kb transgene in bile ducts, we generated Pkhd1/Cre transgenic mice carrying the identical 4.7-kb fragment inserted upstream to the Cre recombinase gene (Fig. 1) . To detect transgene expression, Pkhd1/ Cre mice were crossed with RYFP or R26R reporter mice carrying an enhanced yellow fluorescent protein (EYFP) or lacZ reporter gene that is activated by Cre/loxP recombination. Staining of kidneys from adult Pkhd1/Cre;RYFP mice with antibodies against GFP and nephron segment markers showed expression in renal collecting ducts but no expression in Bowman's capsules, proximal tubules, or loops of Henle (Fig.  4, V-G=) . X-Gal staining of tissue sections from newborn Pkhd1/Cre:R26R mice showed expression in renal collecting ducts, epithelia of the renal sinus and ureter, and intrahepatic bile ducts (Fig. 5, N-P) . Three independent Pkhd1/Cre founders showed expression in the kidney, and two lines showed expression in bile ducts. These results demonstrate that Pkhd1/ Cre mice mediate Cre/loxP recombination in renal collecting ducts, the ureter, and intrahepatic bile ducts, which confirms the activity of the 4.7-kb transgene in these tissues. Table 1 shows the expression of the 4.7-kb transgenes in the kidney and extrarenal tissues.
Expression of Pkhd1 in the male reproductive tract. X-Gal staining of 4.7/lacZ embryos showed transgene expression in the Wolffian (mesonephric) duct, which is the embryonic anlage of the male reproductive tract. Therefore, we examined whether the transgene was also expressed in the adult derivatives, viz., the epididymis, vas deferens, and seminal vesicles. Since endogenous Pkhd1 gene expression has not previously been reported in these tissues in mice, we first analyzed Pkhd1 lacZ/ϩ knockin mice carrying a lacZ reporter gene inserted by homologous recombination into the Pkhd1 locus. A previous study (38) has shown that expression of lacZ replicates the endogenous expression of Pkhd1 in the kidney, liver, and pancreas. Whole mount X-Gal staining of the genitourinary tract from an adult male Pkhd1 lacZ/ϩ mouse showed strong staining in the vas deferens and epididymis and weak staining in seminal vesicles (Fig. 6, A and B) . In addition, blue reaction product was detected in the ureter, prostate, and bladder. To identify the cellular sites of expression, tissues were sectioned and stained with X-Gal. Figure 6 , C-F, shows heterocellular expression of lacZ in epithelial cells in the bladder, vas deferens, and epididymis. No blue reaction product was detected in the seminal vesicles, possibly reflecting lower sensitivity compared with whole mount staining. Having established that endogenous Pkhd1 is expressed in the male genitourinary tract, we next tested whether the 4.7-kb genomic fragment can direct transgene expression in these tissues. Figure 6 shows that the 4.7-kb fragment directs expression of lacZ and Cre recombinase in bladder (G and K), seminal vesicles (H and L), vas deferens (I and M), and epididymis (J and N). Blue reaction product was also detected in the prostate and urethra (Fig. 6, O-Q) . Taken together, these data indicate that the 4.7-kb genomic fragment is sufficient to drive expression of Pkhd1 in the male genitourinary tract. Female mice showed expression in the kidney and liver but no expression in Müllerian duct derivatives (not shown).
To determine whether the extrarenal expression of the 4.7-kb transgene correlates with sites of expression of HNF-1␤, we stained tissue sections from adult wild-type mice with an anti-HNF-1␤ antibody. Consistent with previous studies of HNF-1␤/lacZ knockin mice (5, 30), HNF-1␤ protein was present in nuclei of epithelial cells in pancreatic ducts, intrahepatic bile ducts, bladder, seminal vesicles, epididymis, vas deferens, prostate, and urethra (Fig. 7) . These findings indicate that expression of Pkhd1 corresponds to sites of expression of HNF-1␤ in the kidney and extrarenal tissues.
DISCUSSION
In this study, we used transgenic and knockin mice to better understand the regulation of Pkhd1 gene expression in vivo. We show that a 2.0-kb region extending upstream from the first exon of mouse Pkhd1 can direct expression of a lacZ reporter gene in renal collecting ducts. Similar to endogenous Pkhd1 (26) , expression of the transgene was restricted to epithelial cells in the kidney, indicating that promoter activity was cell specific. To our knowledge, this study is the first to demonstrate activity of the Pkhd1 promoter in vivo. The 2.0-kb region is located upstream from the longest Pkhd1 coding sequence in the GenBank database (Accession No. AY130764). Pkhd1 is large and subject to complex alternative splicing and potentially alternative promoters (26, 36) . The present study suggests that the transcript encoding the longest open reading frame is expressed in renal collecting ducts under the control of the 2.0-kb promoter. None of the promoter fragments analyzed in this study showed expression in the lung, adrenal gland, testis, or blood vessels, which have also been reported to be sites of Pkhd1 expression (26, 40) . It is possible that expression in these other tissues may be under the control of promoters located elsewhere in the gene locus.
The 2.0-kb Pkhd1 promoter contains an evolutionarily conserved binding site for the transcription factor HNF-1␤ located 49 bp upstream from the transcription initiation site. ChIP assays verified that HNF-1␤ binds to these sites in chromatin from kidney and cultured renal epithelial cells and cholangiocytes. Mutation of the Ϫ49 bp site strongly inhibited promoter activity in transfected mIMCD3 cells and NMCs, indicating that binding of HNF-1␤ to the site at Ϫ49 bp is required for full promoter activity. To test whether the HNF-1␤-binding site at Ϫ49 bp is required for promoter activity in vivo, we generated transgenic mice carrying a mutant 2.0-kb promoter linked to a lacZ reporter gene. Sixty-two percent of the founders carrying the wild-type promoter showed expression in renal collecting ducts compared with none of the founders carrying the mutant promoter. This difference was statistically significant and indicates that HNF-1␤ binds to the Ϫ49 bp site and directly regulates Pkhd1 promoter activity in renal collecting ducts in vivo.
HNF-1␤ is a sequence-specific DNA-binding transcription factor that is expressed in epithelial cells of the kidney, liver, lung, gut, and pancreas (17) . HNF-1␤ binds to DNA as a homodimer or heterodimer with HNF-1␣ and is important in organogenesis. Mutations of HNF-1␤ cause maturity-onset diabetes of the young 5, characterized by renal cystic disease, diabetes, cholestasis, pancreatic exocrine dysfunction, and gen- The first column shows the names of the transgenes. The second column shows the numbers of independent founders that were generated for each transgene. The third and fourth columns show the numbers of founders that expressed the transgene in the kidney and extrarenal tissues, respectively. Sixty-two percent of the founders carrying the 2.0/lacZ transgene showed expression in the kidney. In contrast, no founders carrying the same transgene with a mutated hepatocyte nuclear factor-1␤-binding site (2.0m/lacZ) showed expression. This difference was statistically significant (P ϭ 0.026 by Fisher's exact test). Only mice carrying the 4.7-kb polycystic kidney and hepatic disease 1 (Pkhd1) fragment (4.7/lacZ and Pkhd1/Cre) showed expression of the transgene in the liver and other extrarenal tissues.
itourinary abnormalities (4, 7) . Kidney-specific inactivation of HNF-1␤ and expression of DN-HNF-1␤ produces cystic kidney disease associated with downregulation of Pkhd1 (10, 13, 15) . Liver-specific inactivation of HNF-1␤ produces ductal plate malformations and liver cysts similar to the phenotype of Pkhd1 knockout mice (6) . Moreover, the phenotypes seen in children with ARPKD and HNF-1␤ mutations overlap. Taken together, PKHD1 and HNF-1␤ may participate in a common pathway of cystogenesis and biliary dysgenesis. The HNF-1␤-binding site is conserved in the human PKHD1 promoter, which raises the possibility that mutations of the binding site might also inhibit PKHD1 transcription in humans. Further studies will be needed to determine whether mutations of the PKHD1 promoter or the HNF-1␤-binding site are found in patients with ARPKD in whom mutations of the coding sequence have not been identified.
The activity of the 2.0-kb Pkhd1 promoter was restricted to renal collecting ducts, whereas previous studies have indicated that Pkhd1 and its protein product, fibrocystin/polyductin, are also expressed in loops of Henle and/or proximal tubules (8, 26, 37, 42) . Transgenic 4.7/lacZ mice containing the longer 4.7-kb Pkhd1 genomic fragment showed expression in collecting ducts and thick ascending limbs of loops of Henle. No expression was detected in proximal tubules, possibly reflecting the low level of Pkhd1 expression in this nephron segment or a requirement for regulatory elements outside the 4.7-kb region. The 4.7/lacZ transgene was also expressed in glomerular parietal epithelial cells, which may explain the glomerular cysts seen in some Pkhd1 knockout mice (38) and mice expressing DN-HNF-1␤ (13) . Although glomerular cysts have been observed in human ARPKD (20) , they are not a typical feature of the disease and are not observed in all Pkhd1 mutant models. Pkhd1/Cre transgenic mice containing the 4.7-kb fragment linked to Cre recombinase showed expression in renal collecting ducts but not in loops of Henle or Bowman's capsules. The explanation for this variability is not known but may relate to different integration sites of the transgenes.
In the embryonic kidney, the 4.7-kb transgene was expressed in the branching ureteric bud, which gives rise to the renal collecting ducts. No transgene expression was detected in the metanephric mesenchyme or comma-or S-shaped bodies. This pattern is identical to the expression of Pkhd1 mRNA previously reported using in situ hybridization (26) , which indicates that the 4.7-kb transgene recapitulates the developmental expression of Pkhd1 in the kidney. The expression of the 4.7-kb transgene overlaps with the expression of HNF-1␤ in the developing kidney (3, 21) , suggesting that HNF-1␤ also regulates the activity of the Pkhd1 promoter during development.
Although the 2.0-kb promoter was active in cultured cholangiocytes, none of the transgenic mice carrying the 2.0/lacZ transgene showed expression in intrahepatic bile ducts in vivo. Reporter gene assays in transfected cells and transgenic mice can produce different results, which has been attributed to differences in chromatin structure between transiently transfected plasmids and chromosomally integrated DNA (31) . The absence of bile duct expression in multiple independent founders that showed expression in the kidney suggests that the results cannot be explained by transgene integration into transcriptionally inactive heterochromatin (position effects). Instead, these findings suggest that additional elements located outside the 2.0-kb promoter are necessary for extrarenal Pkhd1 gene expression. To explore this possibility further, we generated transgenic mice carrying the 4.7-kb promoter fragment linked to a ␤-galactosidase reporter gene (4.7/lacZ) or a Cre recombinase gene (Pkhd1/Cre). Both 4.7/lacZ mice and Pkhd1/ Cre mice showed expression in adult intrahepatic bile ducts. This pattern was observed in three independent founders, indicating that expression in bile ducts is not simply a consequence of the transgene insertion site (position effects). Although both 4.7/lacZ mice and Pkhd1/Cre mice showed expression in the postnatal liver, neither transgene was expressed in the embryonic liver. Pkhd1 is endogenously expressed in the developing liver, and mutations of PKHD1 cause ductal plate malformations in ARPKD patients and knockout mice. Taken together, these findings suggest that the 4.7-kb transgene contains elements that can direct expression in the postnatal liver but lacks elements required for expression in the developing liver.
Transgenes containing the 2.0-kb Pkhd1 promoter are expressed in renal collecting ducts but are not expressed in bile ducts. The addition of downstream genomic sequence contained from exons 1-2 produces expression in bile ducts. However, this region is deleted in Pkhd1 lacZ/ϩ knockin mice, which also show expression in bile ducts. We conclude that the 2.0-kb promoter is sufficient for expression in renal collecting ducts, but additional genomic sequences located from exons 1-2 (4.7-kb transgene) or elsewhere in the gene locus (Pkhd1 lacZ/ϩ mice) are needed for significant expression in extrarenal tissues. Similar to other genes, such as ␣-fetoprotein, tissue-specific expression of Pkhd1 may be controlled by multiple, redundant enhancers (12) . Both 4.7/lacZ mice and Pkhd1/Cre mice showed expression in the Wolffian duct and its adult derivatives, including the epididymis, vas deferens, and seminal vesicles. Expression was also observed in the epithelia of the prostate, bladder, and urethra. Analysis of Pkhd1 lacZ/ϩ knockin mice confirmed that Pkhd1 is endogenously expressed in the epithelia of the bladder, prostate, epididymis, and vas deferens, and antibody staining showed that HNF-1␤ is also expressed in these tissues. The significance of Pkhd1 expression in the male reproductive tract is not known. However, epididymal cysts are seen in males with germline mutations of HNF-1␤ and have also been described in some patients with ARPKD, although they are not a typical feature (28) .
In conclusion, the proximal 2.0 kb of the Pkhd1 promoter is sufficient for tissue-specific expression in renal collecting ducts in vivo, and the transcription factor HNF-1␤ is required for Pkhd1 promoter activity in collecting ducts. Additional genomic sequences located from exons 1-2 or elsewhere in the gene locus are required for expression in intrahepatic bile ducts and other extrarenal tissues. Pkhd1 is expressed in epithelial cells in the male reproductive tract, where it is coexpressed with HNF-1␤. Finally, the Pkhd1/Cre transgenic mice generated in this study may be useful for tissue-specific gene targeting in renal collecting ducts, the male reproductive tract, and intrahepatic bile ducts.
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